The robustness of ecosystems to species losses is a central question in ecology, given the current pace of extinctions and the many species threatened by human impacts, including habitat destruction and climate change. Robustness from the perspective of secondary extinctions has been addressed in the context of food webs to consider the complex network of species interactions that underlie responses to perturbations. In-silico removal experiments have examined the structural properties of food webs that enhance or hamper the robustness of ecosystems to species losses, with a focus on the role of hubs, the most connected species. Here we take a different approach and focus on the role of the connections themselves. We show that trophic links can be divided into functional and redundant based on their contribution to robustness. The analysis of empirical webs shows that hubs are not necessarily the most important species as they may hold many redundant links. Furthermore, the fraction of functional connections is high and constant across systems regardless of size and interconnectedness. The main consequence of this scaling pattern is that ecosystem robustness can be considerably reduced by species extinctions even when these do not result in any secondary extinctions. This introduces the possibility of tipping points in the collapse of ecosystems.
INTRODUCTION
Understanding and predicting how the structure of ecological networks influences extinction patterns is crucial at this time of rapid loss in biodiversity and associated ecosystems' services (Loreau et al. 2001; Raffaelli 2004; Worm et al. 2006) . The relationship between network structure and robustness has been recently addressed by research on scale-free networks in which hubs hold the majority of connections and their removal causes major disruption (Albert et al. 2000; Newman 2003) . The same approach has been applied to the extinction of species in food webs (Dunne et al. 2002 (Dunne et al. , 2004 Montoya & Sole 2002; Allesina & Bodini 2004; Ebenman & Jonsson 2005; Allesina et al. 2006; Montoya et al. 2006 ) and other ecological networks (Memmott et al. 2004) , emphasizing the role of the most connected species. Many studies (Dunne et al. 2002 (Dunne et al. , 2004 Montoya & Sole 2002) have concentrated on hubs, implicitly assuming that these are the critical players in maintaining network structure (keystone species, Power et al. 1996; Raffaelli 2004; Zavaleta & Hulvey 2004; Christianou & Ebenman 2005) , and therefore, robustness. This view led to the conclusion that food webs with a great number of connections would be more robust than poorly connected ones. Although true on average, this is not always the case (Allesina & Bodini 2004; Allesina et al. 2006) .
Moreover, the extinction of highly connected species may not be as likely as that of poorly connected ones (Memmott et al. 2004; Srinivasan et al. 2007) , and properties other than the number of connections could better measure a species' importance (Melian & Bascompte 2002; Solan et al. 2004; Zavaleta & Hulvey 2004; Ebenman & Jonsson 2005) .
All previous studies (Dunne et al. 2002 (Dunne et al. , 2004 Montoya & Sole 2002; Allesina & Bodini 2004; Allesina et al. 2006; Montoya et al. 2006; Srinivasan et al. 2007 ) share a common approach: they consider how the loss of species cascades into the further loss of biodiversity. The importance of the species is predicted on the basis of their topological properties, especially their number of connections. Robustness, however, is not simply determined by the connectedness of species but also by their 'effective communication' in the network of interactions. Connections in food webs transfer energy from one species to another and the full topology of the network determines the fragility of these systems. This view of network robustness finds a correspondence in the early work of MacArthur (1955) when he proposed that higher complexity, intended as a higher number of links, would enhance stability because of the large number of pathways that can be used for the transfer of energy in food webs. More generally, the long-standing question of the relationship between complexity and stability has been one main driver of ecological research (Elton 1958; McCann 2000; Ives & Carpenter 2007) . Complexity was initially analysed in relation to the local stability of equilibria (May 1972; Pimm 1982) and, more recently, from the persistence of species (McCann et al. 1998) . In these cases, complexity was a source of instability, even when more realistic biological assumptions can mitigate the destabilizing effect ( Fagan 1997; McCann et al. 1998; Neutel et al. 2002; Kondoh 2003; Worm & Duffy 2003; Berlow et al. 2004) .
In line with MacArthur's hypothesis, we concentrate here on connections and their contribution to robustness. We show that connections can be classified as functional or redundant, based on their positive or null contribution to network robustness. From this perspective, we show that hubs are not necessarily the most critical species in food webs. Empirical food webs contain a very high fraction of functional links that remain remarkably invariant with the number and density of connections and the size of the systems. It follows that ecosystem disturbance should decrease robustness with a high probability, and that even in the complete absence of secondary extinctions, this enhanced fragility should increase the risk of a collapse in biodiversity. Thus, MacArthur's argument applies to food webs from the more general perspective of robustness to secondary extinctions.
Secondary extinction refers here to the loss of a species in response to a previous extinction event.
Modelling extinctions in complex food webs are far from trivial. Species losses can result from the dynamics of ecological interactions (e.g. lack of food, competitive exclusion), from stochastic fluctuations (demographic and environmental stochasticity), Allee effects, infectious diseases, genetic effects and so forth. Thus, prediction of secondary extinctions would require detailed knowledge of the system and its dynamics, including functional responses and the values of interaction strengths, genetic features, spatial dynamics, seasonal patterns, etc. All possible models share, however, a subset of extinctions that can be predicted with certainty and with no loss of generality. These extinctions are those triggered by the lack of food items: if a predator has no available prey, it will go extinct. Such bottom-up extinctions are present in all possible models, representing the most predictable subset of secondary losses. Moreover, this type of extinction can be predicted using minimal data: given a binary web (for the presence/absence of links), bottomup extinctions follow from simple considerations: a predator can persist despite the loss of all its prey only by changing its diet, a behaviour known as predator switching (Kondoh 2003) . Predator switching can be easily included in the study of these bottom-up extinctions by considering a food web of potential (as opposed to realized) connections, and examining these 'potential' food webs for secondary extinctions. This is not the case for the other types of extinction described above. The study of bottom-up secondary extinctions can therefore identify the minimum expected response (the best-case scenario) to the most extreme type of perturbation, the loss of a species. In other words, bottom-up extinctions provide a baseline to which other, dynamic effects can only add further losses. In particular, all the other causes of extinction listed above can add to, but not subtract from, these bottom-up extinctions. For example, we could examine weighted food webs, in which flows of energy between species are quantified, and consider that a predator that has lost most of its prey could go extinct when the remaining prey provide an insufficient flow of energy (e.g. Allesina et al. 2006) . However, even in this case, a predator with no prey will go extinct. In what follows, we show that even when we consider only bottom-up extinctions, the vast majority of connections in food webs contribute to their robustness. Those links that do not, however, could very well be important when we consider other causes of extinction and dynamics in particular.
MATERIAL AND METHODS
We exploit the properties of generalized multiple dominators, a graph property originally introduced in control flow graph analysis (Gupta 1995; Alstrup et al. 1996 Alstrup et al. , 2000 , to assess which connections are functional and which are redundant.
The concept of single-node dominator is as follows: if all the pathways from the primary producers to a given species x contain another node y, then y is a dominator of x. If y goes extinct, so does x: y is a bottleneck in energy delivery from the producers to x. Single-node dominators have been extensively used in computer science (Alstrup et al. 1999) and have been recently introduced in ecology (Allesina & Bodini 2004; Allesina et al. 2006) . This concept can be extended to detect sets of nodes that collectively dominate a given node. This is accomplished by using multiple (or generalized) dominators.
The set of prey that collectively dominates a predator x, imdom(x) (containing the immediate multiple-node dominators of x), is the smallest possible set of prey of x so that each pathway from producers to x contains at least one of the prey in imdom(x). Thus, to divide the connections in a food web into functional and redundant, we first find the set of immediate multiple-node dominators for each species v. Then, all the connections from nodes w2imdom(v) to v are functional, and all others are redundant. In what follows, we characterize imdom(v) using the notation introduced by Alstrup et al. (1996) .
A food web G(V,E,r) contains V species connected by E links (or edges) and is rooted in r (i.e. all the primary producers receive energy from the external environment, represented by r). The set of prey that collectively dominates a predator v, which is the set of prey that connects the root to v with independent pathways, is defined as imdom(v). This set satisfies three properties: (i) imdom(v)4prey(v): the set is contained in the set of prey of v.
(ii) Any path from r to v (r//v) contains a species w2imdom(v): there is no way to connect the producers to v bypassing the set of immediate multiple-node dominators. (iii) For each species w2imdom(v) there is a path r//w/v that does not contain any other species in imdom(v): the connection w/v represents a new, independent pathway that connects producers to v. Finding the imdom set for all species can be accomplished with simple algorithms (Alstrup et al. 1996) . Once all the sets are found, we can classify all the links w/v,w2imdom(v) as functional.
Recalling MacArthur's idea of stability, we can say that robustness depends on how much 'choice' energy has on its way up through the food web. Here we argue that this choice of pathways is not simply quantified by the number of connections a species is receiving, as only functional links matter. To interpret the significance of functional and redundant links, we begin with the intuitive relation between robustness and pathways of energy flow. Secondary extinctions occur with certainty when species are left without access to exploitable resources, but not all pathways contribute to prevent this from happening. In figure 1 , for example, the top species (5) receives four connections from 2, 3, 4 and 5. Each and every pathway from the producers to 5 must end with one of these links. But some of these pathways are redundant. We can show, for example, that every path from the source of energy (root-in black) to 5 via 4/5 is redundant. In fact, for each possible path from the root to 5 that ends in 4/5 (say R/1/3/4/5), we can find a shorter path that contains a subset of its nodes and which does not contain 4 (e.g. R/1/3/5): 4/5 is redundant. What does this mean in terms of secondary extinctions? The presence or absence of 4 cannot determine the existence of a pathway connecting the root to 5 so that, from the bottom-up perspective adopted in this work, the two networks in figure 1 behave exactly the same. For example, removing species 1 cascades into the extinction of 3 and 4 in both food webs, while the removal of 4 and 5 does not cascade into secondary extinctions. This illustrates that only functional connections do contribute to the robustness to bottom-up secondary extinctions. Note that further simplifications of the food web would make the two networks behave differently. For example, if we delete in the right network the connection 3/5, this would make species 5 go extinct when 2 is absent, while this does not happen in the original food web. Although redundant pathways can be very strong (e.g. 4 could be the preferred prey of 5), they do not contribute to robustness, as predator and prey depend critically on the same species for their survival. As we argue below, however, strong redundant connections could be important when considering other types of extinctions.
RESULTS
We performed the search for functional and redundant connections in 17 published food webs (see Appendix). Figure 2a shows the results obtained for the St Mark's food web (Christian & Luczkovich 1999) , with the redundant and functional connections indicated in red and black, respectively.
We then contrasted the number of functional and redundant connections in empirical networks. To do so, we examined how the number of functional connections varied with the total number of connections. In order to avoid undesirable effects of the different network sizes, we first removed SK1 connections from both quantities (where S is the total number of species in the network). The rationale for doing this is that this quantity represents the minimum number of connections that are required to keep the web connected using a spanning tree. SK1 is therefore the minimum number of functional connections. In such minimal spanning tree, there is just a single path connecting the root to each species. Other connections could either increase (functional) or leave unaltered (redundant) the number of independent pathways. By removing these SK1 'essential' connections, we guarantee the absence of an intercept due to trivial size effects.
We found a strong linear relationship between the number of functional connections and the total number of connections (figure 3). The correlation between fitted and measured values is 0.995 (FunctionalKSC 1Z0.914 (TotalKSC1)). In other words, less than 10 per cent of the links can be removed with no loss of robustness. Notably, this pattern is maintained when the same networks are analysed in their speciesresolved formulation rather than in their trophospecies aggregated form (Appendix; figure 6 ). Also, the 'quality' of the network appears not to affect the results: the random removal (or addition) of links, simulating sampling errors, gave the same results for the fraction of functional links (Appendix; figure 8 ). Thus, more than 90 per cent of the connections in natural food webs do matter for robustness to extinction events. Note that this is clearly an underestimate of the fraction of 'relevant' links, as only bottom-up extinctions are taken into account in our analysis.
The fact that more than 90 per cent of the connections are functional does not mean that the more connected nodes in the original webs will be the most connected ones in their corresponding simplified version, obtained by removing redundant connections, nor that every species in the simplified web will retain 90 per cent of its original connections. For example, in figure 2b, species 10 has 22 connections but 50 per cent of them are redundant. Whereas a simple criterion for the importance of nodes, and the one typically used in studies of robustness, is their degree (number of connections), only those connections that are functional affect food web robustness. In figure 4 we compare the change in the degree of a node for four webs when all connections are considered, versus the case of excluding those that are redundant. In two cases (figure 4a), the consideration of only functional connections changes the order of the species dramatically, so that the removal of species from the most to the least connected ones gives two different results (figure 4e). In these cases, the real importance of the species was masked by the presence of redundant connections. In the other two (figure 4d ), the degree of the species does not change much, with similar extinction plots (figure 4h). These examples emphasize that it is impossible to tell a priori, without identifying the functional links, whether they will be essential or not to determine the importance of species. More generally, we find that the most connected species in the original network is not the most connected in the simplified network, as in figure 4d , for 50 per cent of cases (Appendix; table 2). In these cases, hubs are not the most important species for bottom-up secondary extinctions.
The constant fraction of functional and redundant connections in food webs has important consequences for patterns of ecosystem collapse. Figure 5 shows a removal/extinction plot obtained by removing species in the Coachella Valley food web (Polis 1991) in a random order. The extinction curve (in red) shows no secondary extinctions until a threshold of 75 per cent of species is removed: up to this point, no species goes extinct as a secondary effect. This would be a reassuring sign that the lost species were not critical to ecosystem structure. A deeper analysis shows, however, that there is no reason for optimism. The fraction of functional connections remaining after the removals decreases sharply. With 20 per cent of the species removed, more than 50 per cent of the functional connections have been lost. The consequences for network robustness are even more striking. The maximum possible damage we can cause to the network at each step with a targeted attack is obtained using single-node dominators (green curve; Allesina & Bodini 2004; Allesina et al. 2006 ). This damage is quantified as the fraction of species that would go extinct if we were to remove the most critical node in the network. As the curve shows, the network becomes increasingly fragile, to the point that with less than 50 per cent nodes being lost, a single targeted removal can cascade into the loss of all species. ). This is a node-oriented approach to secondary extinctions in which the loss of nodes subtracts connections from the food web, increasing the likelihood of further extinctions. Here we have shown that not all connections contribute to robustness. Only functional connections matter; redundant ones can be removed without altering food web robustness. Redundant and functional connections have a clear ecological interpretation when translating the algorithm in ecological terms. A connection is redundant if it connects a given prey, say x, with a predator that also preys upon species that are direct or indirect prey of x itself. Therefore, redundant connections are related to the concept of omnivory since omnivorous predators are those that apportion their diets to different trophic levels. Figure 1 provides an example of this type of omnivory. Species 5 preys upon 4 and 3; the latter is also a prey of 4: thus, 5 is an omnivore. The connection 4/5, from the predator to its higher level prey, is redundant, and so are all the connections of this type. Furthermore, other trophic relations can be reduced to this case of omnivory: for example, cannibalism implies that species 5 preys upon itself and its prey. Therefore, every cannibal link is also redundant. In the same way, intra-guild predation connections can be redundant (e.g. 2/1 in figure 1 ). The consequence of this pattern is that higher trophic level species are likely to receive redundant connections, while lower trophic species are often at the source of redundant connections (figure 1).
DISCUSSION
The role of omnivory is a highly debated and controversial issue in food web ecology. Whereas local stability analyses suggested that omnivory would destabilize communities (Pimm & Lawton 1978; Pimm 1982) , more recent theoretical models based on nonlinear dynamics have shown that omnivory can stabilize food webs (Fagan 1997 1997; Borrvall et al. 2000; Emmerson & Yearsley 2004) . To complicate matters, the stabilizing role of omnivory can depend on interaction strengths ( Vandermeer 2006) . We have shown here that a particular type of omnivory, the one that develops within the same trophic chain, does not contribute to food web robustness. This type of omnivory accounts for less than 10 per cent of the links in each of the food webs. However, even when these links could be severed with no consequences from the bottom-up perspective, they could still contribute to robustness to other types of extinctions, given the results in the literature on the stabilizing role of omnivory. If this were indeed the case, it would imply that almost any disturbance to the network connections would hamper its robustness. To test this hypothesis, we would need a general framework for extinctions in food webs. Although we have shown here that the analysis from a bottom-up perspective can be carried out with minimal data in a complete and general way, no such simple solution exists for evaluating other types of extinctions. Our findings strongly support MacArthur's argument from the perspective of network robustness: the presence of multiple independent pathways from primary producers to top predators enhances food web robustness to species extinction. This argument takes special relevance in light of our findings on the high fraction of functional links in empirical food webs and on their invariance with system size. In all the examined webs, more that 90 per cent of the connections do contribute to enhance food web robustness. The fact that the redundant connections are concentrated in a few species and absent in others questions the relevance of the most connected species as the criterion for importance to secondary extinctions. Finally, we have shown that even when secondary Table 1 . For each food web, we report the number of trophospecies S (in parentheses the number of species before aggregation in trophospecies), the total number of connections (in parentheses the original value), the number of functional and redundant connections. C is the connection in the trophospecies and original version of the food web. (598) 562 (581) 17 (17) 0.038 (0.033) Huxham et al. (1996) extinctions are not observed, the loss of species will make ecosystems more fragile to further extinctions. This sobering message underscores the possibility of surprises and tipping points in the collapse of ecological networks.
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APPENDIX.
We report the number of connections that are functional and redundant for all food webs together with summary statistics in table 1. We repeated the analysis using the non-aggregated version of the food webs (table 1, figure 6 ). We found a small variation in the slope for the regression with no intercept (slope 0.909; it is 0.914 for the aggregated version). To test if the difference between the two slopes was significant, we pooled the two sets of values and sampled repeatedly the resulting set extracting 17 pairs of values without replacement (permutation test). We constructed in this way 1000 randomized datasets. We then found the best fitting slope for each set, obtaining a distribution for the slope values. The resulting distribution is represented in figures 7 and 8. In the figure, the shaded parts represent the 2.5 per cent tails. We see that the slopes measured for the aggregated and unaggregated versions of the food webs are very close in the distribution, so that we cannot reject the null hypothesis of a common slope.
To further test the robustness of the results to changes in the data, we performed the following sensitivity analysis. Using the trophospecies aggregated network, we removed each link with probability 0.1 and we added randomly links with probability 0.1C (connectance of the food web). In this way, we distorted the data simulating sampling errors and varying sampling effort. We built 100 networks for each original food web. We then run the analysis and found a very similar slope (0.931) and a very strong correlation between the fitted and the original data (0.999; figure 8 ).
To test whether the removal of redundant connections changes simple metrics of species importance, we measure how many species hold redundant incoming, outgoing or total redundant connections (table 2) . We see that on average 28 per cent of the species have incoming redundant connections, while 35 per cent have redundant outgoing connections and 44 per cent have either incoming or outgoing redundant connections. A simple measure of species importance is represented by the total number of connections (Dunne et al. 2002; Montoya & Sole 2002) . When we simplify the food webs, we see that in 47 per cent of the cases the most connected species is not the same Table 2 . For each food web, we report the fraction of species that, when redundant connections are removed, change their In-Degree (Ch. In, number of incoming connections), Out-Degree (Ch. Out, number of outgoing connections) or their Total Degree (Ch. Tot, total number of connections). We also report if the most connected species in the original network is not the most connected in the simplified food web when the In, Out or Total Degree is considered. that in the original network: the redundant connections are masking the species holding the majority of functional connections, which are the only important ones for food web robustness. Interestingly, when we look for the species with the highest number of outgoing connections, we see that the most connected species remains the same in the simplified web in 94 per cent of cases, compared with the 47 per cent obtained by checking only the incoming connections.
